In order to quickly calculate the buckling load on prismatic sub-stiffened panel in the preliminary design phase, an approximate method, based on some reasonable assumptions, was proposed in this paper. The stability behavior of prismatic substiffened panel with four simply-supported edges was investigated. Three major buckling modes were studied and corresponding buckling loads were obtained with the help of theories of traditional stiffened panel. ABAQUS software was utilized to establish FE models for validation, considering typical combined load-cases. The results indicated that the proposed method can be used to calculate the buckling load on sub-stiffened panel and is of high accuracy.
INTRODUCTION
Recently, with the developments of manufacturing, some scholars have proposed the conception of sub-stiffened panel, as depicted in Fig. 1 . Sub-stiffened panel is a special type of stiffened panel containing sub-stiffeners [1] which are smaller than primary stiffeners. Apart from traditional stiffened panel, initial buckling modes of bays (parts of panel between two adjacent primary panels) of sub-stiffened panel can be changed by uniformly distributing sub-stiffeners. The critical buckling load can be increased by appropriately controlling the buckling modes, thus the stability behavior of sub-stiffened panel improves.
Hitherto, experimental and finite element method have been adopted by most scholars. Despite the accuracy, the expense and the compute cost are so high that those methods are not practical in phases of preliminary design. To address this problem, an approximate method of several typical load-cases on sub-stiffened panel is investigated in this paper, with the help of traditional theories of stiffened panel. 
Calculation method of critical buckling load on sub-stiffened panel
The prismatic sub-stiffened panel is shown in Fig. 1 (b) . The model is subjected to uniform axial compression or shear, as described in Fig. 2 . With normal stress  x , and tangential stress  xy , the internal compression and shear force per unit length can be To simplify the problem, assumptions were adopted as follows: (a) ignore the effect of material non-linearity; (b) base on Kirchhoff assumption and the assumption of small deformation; (c) sub-stiffeners will not buckle globally; (d) the stiffener/panel junctions can be regarded as simply-supported. Reference [2] demonstrates that there are three major types of buckling modes of prismatic sub-stiffened panels: local, torsional, and partial (partially global), as shown in Fig. 3 , where the buckling modes are depicted in solid line while the original shapes are depicted in dashed line. If the ratio between the flexural stiffness of sub-stiffeners and the sub-bays is quite large, local mode happens, and the panel can be regarded as an elastic plate simply-supported along all four edges. In the case of the axial compression N x , or shear N xy , classical formula of buckling load on rectangular plate is defined as
where D is the flexural stiffness of plate, and k 1 and k 2 are stability coefficients. In large numbers, the length-width ratio of panels is quite larger than 4, and thus those panels can be regarded as infinite plate approximately. And k 1 approximates to 4, and 2 = (5.34 + 4( ⁄ ) 2 ). When the panel is under the combination of uniform compression and shear, the buckling load on sub-stiffened panel can be determined by Eq. 2, where is the buckling load on panel only under axial compression while is the buckling load on panel only under shear. If the height-thickness ratio of sub-stiffeners is quite large, torsional mode happens, and sub-stiffeners can be approximately considered as the plate with three simplysupported edges and one free edge. The buckling load can be determined by classical calculation formula [3] , and k s can take 0.425, empirical constant [4] . 
If the ratio between the flexural stiffness of primary stiffeners and that of the sub-bays is quite large, and height-thickness ratio of sub-stiffeners are quite small, partial mode happens. The structure can be considered as stiffened plate with four simply-supported edges. The thickness of the plates ̅ = + ( • • ℎ )⁄ , where n s is the number of sub-stiffeners. And if the number of sub-stiffeners is large (for instance, larger than 2), those bays can be regarded as anisotropic plates approximately. When the equivalent plates are only subjected to the axial compression, the buckling load is determined by Eq. 4: , and the result needs to be rounded which minimizes the buckling load.
When the equivalent plates are only subjected to the shear, the formula of the buckling load is described as Eq. 5: (5) and p±m=odds, q±n=odds, where 1 = (1 + ( + 1)), and m, n, p, and q are positive integers.
When the equivalent plates are under the combination of uniform compression and shear, the new formula can be defined by revising the Eq. 2 as follows: (6) where is the value of the critical buckling load when the axial compression is loading individually, while is the value of the critical buckling load when the shear is loading individually.
FEM verification for the accuracy of the method
ABAQUS software was used for finite element analysis. Aluminum alloy 2024_ T351 was selected as base material. E=73.8GPa, = 0.33, and = 2780kg/ 3 . According to related literatures [5, 6] , mesh type four-node quadrilateral shell elements (S4R) was selected, and there are at least 6 grids between adjacent buckling half-waves. Three finite element models are established, corresponding to buckling modes, as shown in Fig. 4 Apply the approximate method to above models under axial compression and the combination of compression and shear with 1:0.5 ratio respectively. Since stiffeners cannot withstand shear, in the case of combined loading the torsional mode can be ignored. The calculation results are shown in Table I as follows. In the case of axial compression, the results of local mode is highly accurate, and the result of the other modes have lower but still enough veracity, with relative error no more than 10%. The reason may result from the error of stability factor in the literatures. In the case of combined loading, both of the results achieve high accuracy.
Conclusion
The results given by the calculation method agree well with the FEM results, and the relative error of calculation results is no more than 10% whether under axial
